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Abstract 
Flame characteristics of swirling non-premixed 2H /CO syngas fuel mixtures have been 
simulated using large eddy simulation and detailed chemistry.  The selected combustor 
configuration is the TECFLAM burner which has been used for extensive experimental 
investigations for natural gas combustion. The large eddy simulation (LES) solves the 
governing equations on a structured Cartesian grid using a finite volume method, with 
turbulence and combustion modelling based on the localised dynamic Smagorinsky model 
and the steady laminar flamelet model respectively. The predictions for 2H -rich  and 
CO-rich flames show considerable differences between them for velocity and scalar fields 
and this demonstrates the effects of fuel variability on the flame characteristics in swirling 
environment.  In general, the higher diffusivity of hydrogen in 2H -rich fuel is largely 
responsible for forming a much thicker flame with a larger vortex breakdown bubble (VBB) 
in a swirling flame compare to the 2H -lean but CO-rich syngas flames.  
 
 
Key Words: Hydrogen, Syngas, Swirl, Vortex breakdown, Combustion, LES 
 
 
 
 
 
3 
 
1. Introduction 
Fundamentally all fossil hydrocarbon resources are non-renewable and a valuable gift from 
nature, and thus it is important to develop more efficient and effective ways to utilise these 
energy resources for sustainable development. Development of clean combustion technology 
would allow continued use of hydrocarbon fossil storage in the world without substantial 
emissions of greenhouse gasses such as carbon dioxide 2CO [1].  Such clean combustion 
technology will rely on combustion of synthesis gas or syngas, which is mainly a mixture of 
hydrogen ( 2H ) and carbon monoxide ( CO ) [2].   
There is growing interest in the combustion of syngas for more sustainable and cleaner power 
generation.  One of the main current interests in hydrogen and syngas usage is the integrated 
gasification combined cycle (IGCC) process for electricity generation compared to traditional 
power generation system such as coal combustion [3-4].  Ultimately IGCC systems will be 
capable of reaching efficiencies of 60% with near-zero pollution. The unique advantages of 
IGCC systems have led to potential applications of gasification technologies in industry 
because gasification is the only technology that offers both upstream (feedstock flexibility) 
and downstream (product flexibility) advantages. Because they operate at higher efficiency 
levels than conventional fossil-fueled power plants, IGCC systems emit less CO2 per unit of 
energy. They are also well suited for application of future technologies to capture and 
sequester CO2 [5-6].   
In a typical IGCC plant, fuel is produced from a gasification process and burned with 
compressed air in a gas turbine to produce high-pressure hot gas.  The high-pressure hot gas 
is expanded through the turbine to generate electric power. However, developing technology 
relevant to practical applications such as gas turbines, boilers and furnaces capable of 
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combusting 2H -rich and CO-rich syngas requires understanding of more fundamental 
combustion properties [7]. Since the operability issues of burning syngas fuels in these 
applications generally involve complex, poorly understood interactions between swirling 
flow dynamics, it is necessary to establish a framework for the combustion characteristics of 
syngas fuels particularly in the presence of swirl [8].  
Swirl has been commonly used for the stabilisation of high intensity combustion which acts 
as a source to improve flame stability, reduce combustion lengths, ensure minimum 
maintenance and extend life for the unit [9]. Unlike the jet flames, most significant effects of 
swirling flow are produced by recirculation. Numerous experimental and theoretical 
investigations with the aim of contributing to the understanding of swirl stabilised 
combustion systems have been reported over the past three decades, which have mainly 
focused on instabilities and onset of vortex breakdown in combustion systems [10-12]. Swirl 
has two roles in a combustor. In the combustor, it creates features such as jet precession, 
recirculation, vortex breakdown (VB) and a coherent structure referred to the precessing 
vortex core (PVC) [13].  In combustion systems, these phenomena can promote coupling 
between heat release, flow dynamics and acoustics and control most aspects of the flame 
including heat release rate, flow properties, flame evolution and emissions [14]. Therefore 
elucidating the underlying combustion characteristics of swirling flames has been the central 
focus of fundamental research particularly on hydrocarbon combustion.     
Numerical simulation has the potential for closing the gap between theory and experiment 
and enabling dramatic progress in combustion science and technology [15]. The predictive 
capabilities of numerical models is advancing rapidly, and future research will further 
increase the accuracy and efficiency of these computational tools, ultimately leading over the 
next decade to the generalisation of computer-aided design and optimisation as a fundamental 
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engineering tool. The large eddy simulation (LES) technique is widely accepted as a potential 
numerical tool to simulate turbulent combustion problems corresponding to laboratory and 
practical scale configurations [16-17]. In LES, the large scale turbulence structures are 
directly computed and small dissipative structures are modelled. State-of-the-art numerical 
computations have been reported in literature which demonstrates the ability of LES to 
capture the unsteady flow field in complex swirl configurations including multiphase flows 
and combustion processes such as gas turbine combustion, internal combustion engines, 
industrial furnaces and liquid-fueled rocket propulsion [18-20]. Other investigations 
including validation of LES calculations for a model gas turbine combustor [21] and more 
complex General Electric aircraft engines and Pratt and Whitney gas turbine combustors were 
also reported [22-23].  More investigations on other important aspects of LES based 
combustion calculations such as effect complex mesh resolution [24] and ignitability 
characteristics [25] for gas turbine combustion were also carried out.    
While the flame characteristics and stabilisation mechanisms of swirl stabilised systems have 
been fairly well investigated for conventional hydrocarbon-air systems, not much is known 
about the characteristics of alternative gaseous fuels such as 2H -rich and CO-rich syngas. 
The fundamental issue with syngas combustion is associated with the significant variation in 
their fuel compositions that changes the combustion characteristics such as flame speed, heat 
release ratio, local fuel consumption rate and flame instability mechanisms. The responses of 
swirling flames to these changes are not well characterised or understood. Because of the 
presence of high hydrogen concentration in a syngas mixture the combustion process of swirl 
stabilised system could develop into an undesirable flame flashback phenomenon, in which 
the flame propagates into the burner. The hydrogen-rich swirl flame with high diffusivity can 
travel upstream and even attach to the wall of the combustor. In general, many existing 
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combustors which are currently in use for traditional hydrocarbon combustion may need 
substantial improvements for the burning of syngas. Furthermore, accurate prediction of the 
scalar and velocity fields of 2H -rich syngas combustion processes in swirl stabilised 
combustion system is a challenging task in that it requires the solution of a three-dimensional, 
highly unsteady turbulent reacting flow. As such, the present work investigates the flame 
characteristics of swirl stabilised nonpremixed 2H /CO syngas flames using large eddy 
simulations. In previous studies, we have focused on direct numerical simulation (DNS) of 
hydrogen [26] and syngas combustion [27] for low Reynolds number impinging jet flames 
and LES of syngas combustion for high Reynolds number turbulent jet flames [28]. The 
present work is a continuation of our previous investigations more towards fuel variability 
and flame dynamics of practical engineering application with the ultimate aim of providing 
valuable insights on future clean combustion applications. The laboratory scale confined 
combustion configuration is the TECFLAM swirl burner which has been widely investigated 
for swirl stabilised natural gas combustion [29-30]. The objective of the research was to 
analyse the important physics of the effects of fuel variability on the flame characteristics of 
syngas combustion. The structure of the paper is as follows. Section 2 describes details about 
the confined simulated swirl burner. Computational details of LES solver and numerical test 
cases are presented in section 3. Results of the simulations are discussed in section 4. Finally 
conclusions are summarised in section 5.  
 
2. Simulated Swirl Burner  
The computational domain (filtered axial velocity) of the TECFLAM confined swirl burner is 
shown in Figure 1, which has been used for both nonpremixed and premixed natural gas 
combustion. Extensive details have been reported in the literature for a range of TECFLAM 
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swirling flames including laser Raman measurements and numerical calculations [29-30]. 
The most commonly used parameter for the characterisation of swirling flows is the swirl 
number. To investigate the swirl effects, the swirl velocity is introduced into the annular jet at 
the exit, with the swirl number defined as the ratio between the axial flux of the swirl 
momentum, G   (
22skgm  ), to the axial flux of the axial momentum xG  (
22skgm  ) 
multiplied by a characteristic lengthR )m( . Here we take the radius of the swirl annulus as 
the characteristic radius. The swirl number is given by 

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Where U  (m/s)  and W (m/s)  are the mean axial and tangential velocities at the exit plane of 
the swirl generator.  
The burner has a fuel annulus with an inner diameter of 20mm and an outer diameter of 
26mm. The primary swirling air stream has an inner diameter of 30mm and an outer diameter 
of 60mm. Fuel is supplied at the burner exit with an average axial velocity of 21 m/s giving a 
Reynolds number of 7,900.  The air stream mean axial velocity is 23 m/s giving a Reynolds 
number of 42,900. Swirl is introduced aerodynamically by using movable blocks inside the 
burner with a swirl number of S=0.9. The diameter of the combustion chamber used in the 
experiment is 500mm and the walls extend vertically over more than 1 metre. However, for 
the simulations we have used a distance of 600mm vertically to reduce the computational cost 
for a much larger domain.  Since this work focuses on fuel variability and flame 
characteristics of 2H /CO syngas mixtures, we considered two syngas mixtures as fuel for our 
calculations. Considering the fuel compositions, the two flames have been named HCO1 and 
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HCO2. The 2H -rich flame HCO1 has a fuel mixture of 70% of 2H and 30% CO by volume. 
In contrast, CO-rich flame HCO2 has a fuel mixture of 30% of 2H and 70% CO again by 
volume.  
 
3. LES Solver and Computational Cases 
The three-dimensional LES code PUFFIN solves the Favre filtered continuity equation, 
Navier-Stokes momentum equations, the transport equations of mixture fraction for an 
incompressible reacting gas mixture. The LES code has been used for the investigations of 
turbulent non-premixed hydrogen-enriched syngas jet flames [28], unconfined swirling 
flames including validation purposes, instability analysis and intermittency calculations [31-
33]. 
The Favre filtered momentum and mixture fraction equations have been closed using the 
Smagorinsky eddy viscosity model [34] with localised dynamic procedure of Piomelli and 
Liu [35]. The flame chemistry used in the LES is steady laminar flamelet model [36] which 
assumes that the balance between reaction and the laminar diffusion in the flame structure is 
in steady state. The laminar flamelets have been generated using the Flamemaster code [37] 
which employed detailed GRI 2.11 chemistry mechanism [38]. An assumed probability 
density function (PDF) for the mixture fraction is chosen as a means of modelling the sub-
grid scale mixing with beta ( ) PDF used for the mixture fraction. 
The code solves the governing equations by means of pressure based finite volume method 
on a Cartesian coordinate system. Second order central differences (CDS) are used for the 
spatial discretisation of all terms in both the momentum equation and the pressure correction 
equation. The diffusion terms of the mixture fraction transport equation are also discretised 
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using the second order CDS while the convection terms are discretised using the “Simple 
High Accuracy Resolution Program” (SHARP) [39]. The time integration of the mixture 
fraction is performed using the Crank Nicolson scheme while the time integration of the  
momentum equations are integrated in time using a second order hybrid scheme. Advection 
terms are calculated explicitly using second order Adams-Bashforth while diffusion terms are 
calculated implicitly using second order Adams-Moulton to yield an approximate solution for 
the velocity field and finally the mass conservation is enforced through a pressure correction 
step. The systems of algebraic equations resulting from the numerical discretisation are 
solved using the Bi-Conjugate Gradient Stabilized (BiCGStab) method with a Modified 
Strongly Implicit (MSI) preconditioner. Comprehensive details on governing equations, 
flame chemistry and numerical discretisation methods used for this study have been reported 
previously [28]. 
LES calculations for flames 2H -rich and CO-lean flame HCO1 (70% 2H and 30% CO by 
volume) and, 2H -lean and CO-rich flame HCO2 (30% 2H and 70% CO by volume ) were 
performed on non-uniform Cartesian grids with dimensions of 500mm radially (y and z 
directions) and 600mm axially (x direction) by employing 200×150×150 grid points in x, y 
and z directions (4.5 million grid nodes) (Fig.1).  The mean axial velocity distribution for the 
fuel inlet and mean axial and swirling velocity distributions for the primary air annulus are 
specified using power law profiles. Turbulent velocity fluctuations are generated from a 
Gaussian random number generator, which are then added to the mean velocity profiles.  The 
inlet boundary condition for the mixture fraction is specified using a top hat profile. A no-slip 
wall boundary condition is applied at the solid walls. A convective outlet boundary condition 
and a zero normal gradient boundary condition are used at the outflow plane for velocity and 
mixture fraction respectively. All LES calculations have been performed for approximately 
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10 flow passes instantaneously before collected data for time-averaged calculation for 
approximately another 10 flow passes based on the inlet axial velocity.  
 
4. Results and Discussion  
In the present section results from LES of two 2H /CO based syngas swirling flame 
characteristics are presented. The considered flames are 2H -rich and CO-lean flame HCO1 
and, 2H -lean and CO-rich flame HCO2 and with high swirl number 0.9. The intention is to 
study the influence of 2H  and CO on flame characteristics of turbulent non-premixed 
2H /CO syngas flames in the presence of complex recirculation and vortex breakdown flow 
features. The first section describes the instantaneous properties and second section describes 
the time-averaged statistics.   
 
4.1. Unsteady Flame Analysis 
To address the feasibility of syngas for fuel flexible swirl stabilised combustion, one must be 
able to accurately predict the flame behaviour such as flow regimes and stability limits which 
affect the chemical kinetics, species transport properties and flame speeds.  Therefore, the 
nature of instantaneous quantities such as axial and swirl (flow characteristics) velocities and 
density, mixture fraction and temperature (scalar characteristics) are discussed in this section.  
 
Swirling flows can exhibit a very large range of topologies, depending mainly on the swirl 
number [12]. Swirl of sufficient strength produces a large adverse pressure gradient in the 
direction of the flow, which promotes vortex breakdown, a phenomena that manifests itself as 
an abrupt change in the core of the slender vortex, and usually develops downstream into a 
recirculation bubble and serves as an aerodynamic flame holder. In Fig. 2, instantaneous 
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filtered axial and swirl velocity of flames HCO1 and HCO2 at t=0.28s (approximately 10 
flow passes) are shown by the two-dimensional contour plots.  The flow-field of the 
2H -rich flame HCO1 and CO-rich flame HCO2 demonstrate two flow structures: shear layers 
originating from the outer edge of the inlet annulus (defined as zone A) and vortex 
breakdown induced center recirculation zone (defined as zone B). Two important trends have 
been observed from Fig. 2.  (1) the distribution of the axial velocity of 2H -rich flame HCO1 
spread more radially than CO-rich flame HCO2 in zone A, indicating that the axial velocity 
distribution in the shear layers originating from the outer edge of the inlet annulus possibly 
linked with the diffusivity level of 2H fuel and thus its chemical and transport properties; and 
(2) the formation of the VB displays a larger and wider bubble for 2H -rich flame HCO1 
compared to CO-rich flame HCO2 in zone B.  This could be because of the faster fuel 
consumption linked with the diffusivity factor depending on the syngas fuel mixture 
composition especially the large amount of hydrogen in flame HCO1. The snapshots of the 
velocity components indicate that the 2H percentage in the fuel mixture strongly affects the 
flow and thus combustion dynamics when burning high hydrogen content fuels in combustion 
systems.   
As the flow expands with a different pattern distribution from the nozzle and evolves 
downstream, the scalar distributions are expected to display different structures due to fuel 
variability between two flames. To identify potential regions for active scalar mixing, results 
are now focused on unsteady scalar distributions. Fig.3 shows instantaneous results for three 
important scalar variables, density, mixture fraction and temperature. The density is an 
important parameter, because it contains fundamental information regarding reactivity and 
diffusivity of a combustible mixture that can be used to gain insight into fundamental flame 
physics with respect to fuel variability. Despite using similar inlet velocity flow conditions 
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including equal swirl number, there is a substantial difference for the scalar fields between 
the 2H -rich flame HCO1 and CO-rich flame HCO2 in the recirculation and VB regions. For 
example, as seen in Fig. 3 (a1, b1) the density distribution of flame HCO1 exhibits a much 
larger portion of low density values in zones A and B compared to the density distribution of 
flame HCO2. Similar behaviour is apparent for mixture fraction and temperature 
distributions. This might be because of the changes of diffusivity level and variations of 
transport properties. The amount of hydrogen in the fuel and the variations of transport 
properties associated with fuel variability can change the density, mixing rate and 
accordingly the chemical reaction and temperature distribution. To further analyse the 
unsteady flame temperature with respect to fuel variability, three-dimensional LES of flame 
structures at different iso-surface values are represented in Fig. 4. The topology of the 3D 
flames exhibit different structures for 2H -rich flame HCO1 and CO-rich flame HCO2.  The 
3D temperature of flame HCO1 displays a larger spread compared to flame HCO2. This is 
not surprising, as a large radially expanding VB bubble is evident, which affects the 3D 
temperature distribution.   
 
4.2 Averaged Field 
In conjunction with the unsteady flame analysis, steady time averaged quantities are also used 
to further clarify major findings with respect to fuel variability. To illustrate this, the 
distributions of time-averaged mean variables are now presented. A contour plot of time-
averaged mean axial velocity for flames HCO1 and HCO2 is shown in Fig. 5. Similar to the 
transient behaviour, the two flames display differences in both zone A and B. Particularly, the 
formation of VB bubble for 2H -rich flame HCO1 shows a larger expansion compared to the 
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VB bubble for the CO-rich flame HCO12, which indicates the effects of fuel variability on 
steady flow field.  
Figs. 6 and 7 show radial profiles of time-averaged mean axial and swirl velocities at 
upstream and downstream axial locations. To validate the LES based numerical results of 
HCO1 and HCO2 syngas flames, here we consider the experimental data of TECFLAM 
natural gas swirl stabilised flame [29, 30]. Despite quantitative differences occur due to fuel 
variability the comparison of simulation results (HCO1 and HCO2 flames) and experimental 
data (natural gas flame) show consistency which highlight the accuracy of the flow features 
of numerically simulated syngas flames. Here, LES appears to be successful in reproducing 
all the flow features seen in the experiments. It should be noted that the results also show 
more strong VB bubble for natural gas flame compared to simulated syngas flames.  
It is evident that the radial profiles of time-averaged mean axial and swirl velocities display a 
similar behaviour in the near nozzle region for 2H -rich flame HCO1 and CO-rich flame 
HCO2, but deviate significantly in zone A and  zone B in VB region.  Despite showing a 
similar shape distribution, it is clear that the mean axial velocity profile of CO-rich flame 
HCO2 shifts towards one side compared to the 2H -rich flame HCO1. Therefore the transport 
mechanism caused by the diffusivity level associated with fuel composition affects the mean 
flow-field too, similar to that observed for the instantaneous flow structure. The deviation of 
mean axial velocity for HCO1 and HCO2 starts to appear at the end of zone A (in Fig. 2) and 
continues to be apparent in zone B, where the swirl induced VB occurs further downstream. 
Subsequently, similar behaviour is apparent in Fig.7 in which mean swirl velocity for the 
CO-rich flame HCO2 shows slightly higher peak values at the downstream VB region 
compared to its values for the 2H -rich flame HCO1. Both mean axial and swirling velocities 
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suggest that the fuel variability from 2H -rich to CO-rich  and particularly the 2H percentage of 
the fuel composition play an important fundamental role and largely affects the formation of 
flow structures in swirling flames.   
We now examine the time-averaged scalar quantities.  Figs. 8 and 9 display the comparisons 
of time-averaged mean mixture fraction and mixture fraction variance between the two 
flames.   Again, a most possible interpretation of the deviation of the mixture fraction and its 
variance between two flames is the diffusivity level. As seen in both Fig. 8 and 9, adding 
more CO to 2H tends to generate higher peak values for the mixture fraction and its variance 
(flame HCO2) compared to its behaviour in high 2H content fuel mixture (flame HCO1). 
Since flame temperature is dependent on the mixture fraction distribution through the laminar 
flamelet model, results for the flame temperature and combustion by-products are expected to 
produce similar trends. The role of the alignment between fuel composition and diffusivity 
level particularly for the 2H enriched fuel is of much significance. To provide a 
comprehensive analysis for the flame temperature, Fig. 10 shows the radial profiles of mean 
temperature values at different downstream axial locations. The peak values of the 
temperature are seen in the shear layer regions. Both the 2H -rich flame HCO1 and the 
CO-rich flame HCO2 generate high peak temperature values in the near field region. It is 
important to note that the 2H -rich flame HCO1 has the highest peak temperature in the 
intermediate region (zone A) while the CO-rich flame HCO2 has higher peak values in the 
downstream VB region (zone B). Combustion occurs in the shear layer as the fuel is advected 
into the air stream and its transport to the inner region is limited by the inner diluent. The 
outer diluent, on the other hand, which is between fuel and air streams, avoids early mixing 
and keeps the flame away from the injection plane. Although the results are obtained using 
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GRI 2Mech 2.11, there is further interest in identifying more appropriate chemical 
mechanisms to model syngas mixtures as functions of fuel composition, strain rate, pressure 
and temperature. In the future we intend to employ other chemical mechanisms such as the 
Davis 2H /CO mechanism [40] and reduced mechanism for 2H /CO syngas based swirl 
stabilised combustion applications.  
Fig. 11 shows the comparison of product mass fraction of water vapour between HCO1 and 
HCO2 at various axial locations. Comparisons between two flames reveal that the 
considerably high peak values exhibited by the 2H -rich flame compared to CO-rich flame are 
due mainly to the higher percentage of 2H in the HCO1 fuel mixture. The shape distribution 
of mass fraction of 2H O follows the temperature distribution with peak values appearing to 
be larger in the intermediate region (zone A) and then similar to each other in the furthest 
downstream VB region (zone B) for the two flames. The product mass fraction of 2CO is 
shown in Fig. 12. Again, the mass fraction of 2CO follows a distribution similar to the 
temperature and the mass fraction of 2H O , but peak values occur for the CO-rich HCO2. We 
note that there is very high peak values exhibited for the CO-rich flame HCO2 compared to 
much lower peak values for the 2H -rich flame HCO1.  
Results described in this work are more fundamental in some respects, since these results for 
the fuel variability and flame characteristics are obtained for an academically established 
experimental burner [29-30]. It is important to note that present calculations were performed 
considering unity Lewis number ( 1Le   ), which prevents the preferential (or differential) 
diffusion effects. Hence the influence of thermo-diffusive effects is neglected. However, 
inclusion of non-unity Lewis number effects to account for preferential diffusion is likely to 
be an important step for the modelling high hydrogen content fuels and therefore deserve 
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more detailed investigation [41]. Nevertheless, interesting and useful insights directly 
relevant to practical designs can be filtered from the current data. Particularly, the flow-field 
evolution, flame temperature and combustion products relevant to 
2H -rich and CO-lean to 2H -lean  and CO-rich  fuel mixtures would be an issue of utmost 
importance in future clean combustion development for practical engineering application. 
Further investigations on critical parameters such as flame length, combustor exit temperature 
pattern factor, mixing rates and XNO  emissions which provide direct design guidelines for 
future syngas based combustors would be of great interest.   
 
5. Conclusions  
We compared the numerical results of two non-premixed 2H /CO  swirl stabilised syngas 
flames using large eddy simulation and the laminar flamelet combustion model.   Results 
were analysed under two sections: unsteady evolution and time-averaged fields. The 
discussion indicates strong effects of the fuel variability on the formation of flame structure 
for high swirl non-premixed flames. The high diffusivity of hydrogen tends to form highly 
unsteady flame characteristics with much lower density distributions particularly in fuel rich 
regions and thus generate a larger VB bubble in the presence of swirl compared to the 
2H -lean  flame. Accordingly, we postulate that turbulent syngas swirling flame is not only 
governed by the inlet flow conditions but also by the fuel mixture which plays an important 
role particularly for high hydrogen content fuels, thereby inducing different diffusivity levels.  
All of these findings have considerable implications for fuel variability and flame 
characteristics of swirl stabilised turbulent non-premixed combustion. Further examination of 
the key issues such as fuel variability, combustion instability and emissions particularly in 
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high pressure swirl stabilised combustion systems would provide great interest for future 
studies. For example, an analysis of the importance of the most significant instability driven 
mechanisms in gas turbine type combustion configurations such as flame-vortex interactions, 
fuel/air ratio and spray-flow interactions for high hydrogen content fuel could be assessed by 
a large parametric study spanning different modes of syngas mixtures.  
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Figure Captions 
Fig.1. Geometry of the swirl burner (generated for the LES instantaneous axial velocity). 
Fig.2. Instantaneous filtered (1) axial velocity and (2) swirl velocity of syngas flame (a) 
HCO1 and (b) HCO2. 
Fig.3. Instantaneous filtered (1) density, (2) mixture fraction and (3) temperature of syngas 
flame (a) HCO1 and (b) HCO2. 
Fig.4. Instantaneous three-dimensional iso-surfaces with iso-values (1) 500K, (2) 1000K, (3) 
2000K, of the flame temperature of flames (a) HCO1 and (b) HCO2. 
Fig.5. Contour plot of time-averaged mean axial velocity (a) HCO1 and (b) HCO2. 
Fig.6. Time-averaged mean axial velocity for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Symbols denote experimental data for natural gas flame [29, 30]. 
Fig.7. Time-averaged mean swirling velocity for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Symbols denote experimental data for natural gas flame [29, 30]. 
Fig.8. Time-averaged mean mixture fraction for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Fig.9. Time-averaged mixture fraction variance for flames (a) HCO1 and (b) HCO2. Solid 
line denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Fig.10. Time-averaged mean temperature for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Fig.11. Time-averaged mass fraction of 2H O  for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Fig.12. Time-averaged mass fraction of 2CO  for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
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Fig.1. Geometry of the swirl burner (generated for the LES instantaneous axial velocity). 
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Fig.2. Instantaneous filtered (1) axial velocity and (2) swirl velocity of syngas flame (a) 
HCO1 and (b) HCO2. 
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Fig.3. Instantaneous filtered (1) density, (2) mixture fraction and (3) temperature of syngas 
flame (a) HCO1 and (b) HCO2. 
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Fig.4. Instantaneous three-dimensional iso-surfaces with iso-values (1) 500K, (2) 1000K, (3) 
2000K, of the flame temperature of flames (a) HCO1 and (b) HCO2. 
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Fig.5. Contour plot of time-averaged mean axial velocity (a) HCO1 and (b) HCO2. 
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Fig.6. Time-averaged mean axial velocity for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Symbols denote experimental data for natural gas flame [29, 30]. 
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Fig.7. Time-averaged mean swirling velocity for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
Symbols denote experimental data for natural gas flame [29, 30]. 
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Fig.8. Time-averaged mean mixture fraction for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
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Fig.9. Time-averaged mixture fraction variance for flames (a) HCO1 and (b) HCO2. Solid 
line denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
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Fig.10. Time-averaged mean temperature for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
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Fig.11. Time-averaged mass fraction of 2H O  for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
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Fig.12. Time-averaged mass fraction of 2CO  for flames (a) HCO1 and (b) HCO2. Solid line 
denotes LES data for flame HCO1 and dashed line denotes LES data for flame HCO2. 
 
